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After  shoving  vhy  this  study  is  important,  the  authors 
describe  the  experimental  technique  and  summarize  the  results. 

They  have  noted  a  change  in  the  lav  of  oxidation  be¬ 
yond  a  certain  current  density  and  a  certain  duraticxi  of 
electrolysis,  and  vere  able  to  determine  the  critical  condi¬ 
tions  of  the  appearance  of  this  change. 

Without  being  able  to  interpret  these  results,  the 
authors  point  out  that  the  passage  of  a  current  in  an  oxide 
offers  a  theoretical  tool  for  the  study  of  oxidation  processes, 
and  furnishes  a  practical  means  for  sieving  dovn  the  oxida¬ 
tion  of  metals. 


I.  mrooDucTioN 

It  has  already  been  attempted  on  numerous  occasions  to  find  out 
vhat  influence  an  eiectilc  field  may  have  on  oxidation  phenomena  at  high 
temperatures.  Thus  Uhllg  and  Brenner  [1]  have  applied  a  potential 

*  Communication  ivesente^  to  the  "European  Corrosion  Meeting",  organized 
in  the  framevork  of  the  International  Chemical  Arts  Conference,  Itels, 
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difference  between  a  copper  plate  and  another  plate  placed  opposite  to  the 
first  and  separated  fron  it  by  a  layer  of  air.  Fields  as  high  as  1^,000 
V/cB  did  not  bring  abc  L  .\n7  change  in  the  rate  of  oxidation  of  copper  at 

l^O^C.  D.  Cisaaru  and  G.D.  Cisaaru  [2]  have  described  anaiiagous  experiaents 
relating  to  the  oxidation  of  zinc  at  UoO^C.  No  effect  was  noted.  In  these 
experiaents  the  field  is  localized  in  the  dielectric,  that  is  in  the  air, 
and  not  in  the  oxide  which  is  the  conductor.  An  internal  field  could  be 
brought  about  only  by  the  passage  of  electric  current. 

Hence  it  ms  interesting  to  find  out  idiat  would  happen  to  the 
oxidation  of  a  netal  ^en  its  superficial  oxide  Is  traversed  by  a  current. 

II.  EXPERIMENTAL  TECHNI^iUE 

To  this  end,  we  have  prepared  cylinders  made  of  pure  iron,  ^  nu  in 
diameter  and  20  oa  in  length.  These  cylinders  were  oxidized  at  860^0  in 
oxygen  so  as  to  cover  them  with  an  oxl^e  film  having  a  predeteralned  thick¬ 
ness.  At  this  temperature  the  film  formed  consists  mainly  of  FeO  [3].  The 
metallic  sample  was  cooled  quickly  and  to  its  surface  a  coll  of  platinum 
wire  a  few  tenths  of  a  millimeter  thick  was  wound  in  such  a  way  that  the 
spacing  between  the  windings  of  the  coll  was  approximately  one  mm.  By 
connecting  the  spiral  N  on  one  hand,  and  the  cylinder  M  on  the  other  hand, 
to  a  d.c.  source,  an  electric  current  may  be  made  to  pass  through  the 
oxide  (Fig.  1).  To  measure  the  true  oxidation  temperature  of  the  sample, 
care  must  be  taken  to  sink  the  head  of  the  thermocouple  in  the  mass  of  the 
sample,  since  the  passage  of  the  electric  current  could  provoke  an  ap¬ 
preciable  Increase  in  its  temperature. 


Fig.  1.  The  windings  of  platinum  wire  on  the  already  oxidised  metallic 
sample  allow  the  passage  of  electric  current  through  the  oxide.  The 
circuit  is  closed  by  a  platinua  wire  in  contact  with  the  metal  but  in¬ 
sulated  from  the  oxide  layer  by  means  of  a  refractory  cement. 
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The  electric  connection  between  the  sample  and  the  source  of  current 
requires  conductors  of  sufficiently  high  diameter.  Thus  the  assembly  is 
much  too  rigid  to  allow  the  taking  of  measurements  by  means  of  a  thermo* 
balance.  Hence  we  have  constructed  a  device  in  idilch  we  measure  directly 
the  oxygen  fixed  by  the  metal  at  constant  pressure  (Fig.  2).  The  apparatus 
comprises  a  silica  tube  placed  in  a  furnace  and  connected  to  a  mercury 
barometer  and  to  a  graduated  burette  which  may  be  filled  with  the  mercury 
of  a  reservoir. 

After  creating  a  vacutmi  in  the  assembly  and  bringlr  tr  the  furnace 
to  the  desired  temperature,  the  pure  oxygen  is  allowed  to  return  to  the 
experimental  pressure  marked  on  the  barometer.  The  oxidation  begins;  when 
the  pressure  drops  slightly  in  the  barometer,  the  reservoir  is  raised  so 
as  to  replace  the  volume  of  fixed  oxygen  with  an  equal  volimse  of  mercxiry 
in  the  burette.  This  condition  of  equality  has  been  attained  when  the 
mercury  level  in  the  barometer  has  returned  to  its  initial  value.  In 
practice,  the  sensitivity  is  greatly  increased  by  measuring  the  pressure 
with  a  butyl  phthalate  differential  barometer;  one  of  its  branches  is 
connected  to  a  gas  reservoir  in  ^ich  the  oxygen  is  Isolated  at  the  initial 
pressure,  the  other  branch  remains  in  communication  with  the  system. 

The  device  readily  permits  the  detection  of  the  fixing  of  0.1  cm^ 
of  oxygen.  However,  it  obviously  requires  that  the  temperatxure  of  the 
device  be  highly  constant.  To  this  end,  the  entire  appeuratus  (except  the 
furnace)  is  placed  into  an  enclosxire  maintained  at  30^C  t  O.l^C.  Tte 
temperature  of  the  furnace  does  not  vary  by  more  than  t  l^C  in  the 
vicinity  of  SOCPC.  The  entire  apparatus  is  placed  in  a  room  maintained 
at  2^^C  i  0.5^C.  A  mechanical  device  permits  raising  the  mercury  level  in 
the  burette  from  a  distance,  and  thus  avoids  disturbing  the  temperature  of 
the  measurement  enclosure  during  the  operation.  By  raising  the  mercury  a 


Volumetric  Apparatus  for  Measuring  the  Qxldatloa  at  Constant 
Pressure,  [vide  ■  Vacxnmi]. 


Fig.  2 


little  too  much,  the  measurement  is  reduced  simply  to  recording  the  mercury 
level  In  the  burette  at  the  moment  when  the  differential  manometer  passes 
through  the  eciulllbrlum  position. 

III.  RESULTS 

Slowing  Down  of  the  Oxidation  Rate  Under 
the  Effect  of  a  Cathodic  Current. 

On  Fig.  we  have  drawn  the  oxidation  curves  of  pure  Iron  at  86o°C 
In  oxygen  under  a  pressure  of  770  mm  Hg,  at  different  Intensities  of  cur¬ 
rent  clrcxilatlng  in  the  oxide.  I^e  direction  of  the  current  is  s\icb  that 
the  metal  functions  as  a  cathode.  It  may  be  seen  that,  with  Increasing 
Intensities,  the  rate  of  attack  of  the  Iron  decreases.  The  logarithmic 
representation  shows  that  this  attack  takes  place  according  to  a  parabolic 
formula. 

If  the  current  Is  Interrupted,  the  rate  of  oxidation  returns  to  the 
usual  value  as  may  be  seen  In  the  example  of  Fig.  k  where  the  current  of 
3.7  amp/cm^  was  interrupted  after  three  hoi  .  s  of  oxidation.  After  the 
cessation  of  current  the  resumption  of  the  attack  may  be  followed  by  carry¬ 
ing  out  an  electrolysis  of  the  oxide  formed  on  a  tungsten  bar.  With  a 


Fig.  3*  Slowing  Down  of  the  Rate 
of  Oxidation  of  Iron  In  Oxygen  at 
860^0  under  the  Effect  of  a  Con¬ 
stant  Cathodic  Current.  The  Ef¬ 
fect  Increases  with  Increasing 
Current  Densities. 

A)  Normal  Represei 
Logarithmic  Represeuv^-- .n,  show¬ 
ing  that  the  current  applied  acts 
solely  on  the  rate  constant,  with 
our  changing  the  law  of  oxidation 
idiich  remains  parabolic. 

1-  time,  (hr). 


Fig.  k.  When  the  Current  Is  In¬ 
terrupted,  the  Rate  of  Oxidation  In¬ 
creases  Again,  Resuming  the  Normal 
Vhlue. 

1).  noraal  oxidation;  2)  preoxida- 
tlon;  3)  time  (hrs.) 
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Fig,  Bar  of  Tungpten  Placed  in  an  Oxygen  Ataoapbere  at  louO^C  for  Three 
Days,  and  Subjected  to  the  Effect  of  an  Electric  Current  Baelng  a  Density 

of  50  B  aap/cB^. 

Three  hours  before  vlthdraving  the  sample,  the  current  vas  stopped  in  the 
central  part,  leading  to  a  strong  oxidation  of  this  region. 

(Magnification:  x  3*3). 

cathodic  current  of  30  m  aap/ca^  the  oxidation  of  the  metal  at  lOOCPc  is 
completely  stopped.  The  photograph  of  Fig.  3  makes  it  possible  to  ap- 
preeiate  the  sharpness  of  the  phenomenon.  The  tungsten  bar  had  rnnalnnd 
for  three  days  in  oxygen  at  1000^  crossed  by  a  current  having  a  drasity 
of  30  B  anp/cm^.  Three  hours  prior  to  the  stopping  of  the  experiment,  the 
current  mas  stopped  in  the  central  part:  here  the  oxidation  resumed  at 
a  Qonsal  rate,  that  is,  rery  rapidly. 

Hence  the  passage  of  a  current  having  a  direction  opposite  to  that 
of  the  natural  corrosion  current  indeed  reduces  the  rate  of  oxidation 
of  the  metal.  ConTersely,  if  the  metal  is  made  anodic,  the  rate  of 
oxidation  increases  [U].  Bence  it  is  possible  to  act  upon  the  phenoernnon 
of  oxidation  by  the  effect  of  an  electric  current.  But  vbat  might  be  the 
nature  of  this  effect? 

Change  in  the  Lav  of  Oxidation  Beyond  a 
Certain  Current  Density  and  a  Ceztoin 
Duration  of  Elsctrolysis. 

In  order  to  attempt  ansvering  this  question,  ve  began  by  studying 
the  effect  of  more  and  more  intense  currents  under  the  same  conditions  of 
oxidation:  pure  iron  at  d6o^C  in  pure  oxygen.  It  may  be  seen  on  Fig.  6 
that,  for  cathodic  densities  of  3*6  and  7.2  amp/cm^,  the  rate  of  oxidation 
is  even  smaller  than  before.  But,  in  logsrithmic  representation,  it  is 
found  that,  for  these  densities,  the  parabolic  lav  is  no  longer  foUoved 
after  a  certain  time,  and  that  soon  a  nev  linear  region  appears  having  a 
smaner  slope  vnich  may  correspond  to  the  appearance  of  a  nev  oxidation 


If  ve  fnv  stop  the  current  after  haviag  entered  into  the  nev  region, 
ve  note  that  th2  oxidation  does  not  return  to  its  initial  rate  as  had  been 
the  c&se  with  smaller  densities.  It  may  be  seen  on  Fig.  7  thaty  after 
stopping  the  current,  the  oxidation  continues  for  long  periods  of  time  fol¬ 
lowing  exactly  the  same  nev  lav  as  had  been  found  vlth  the  cuzrent.  Ibe 
slowing  down  of  oxidation  seems  to  have  becosie  permanent.  Hence,  the 
electrolysis  current,  if  it  is  sufficiently  Intense,  leads  to  a  change  in 
the  process  of  oxidation  which  persists  in  the  absence  cf  the  current  which 
has  given  rise  to  it. 

Nov  ve  must  find  the  minimum  conditions  of  electrolysis  of  the 
oxide  film  which  cause  the  appearance  of  the  nev  lav  of  oxioation  and 
make  it  persist  afterwards  even  in  the  absence  of  current. 

Appearance  of  the  Change  in  the  law  of  Oxidation 
Beyond  a  Critical  Density  and  a  Critical  Time 

Hence  we  carry  out  the  electrolysis  of  the  oxide  film,  formed  at 
860^,  at  a  cxurent  density  of  6  anp/crn^  for  different  lengths  of  time,  and 
ve  note  the  behavior  of  the  metal  with  respect  to  oxidation  after  the 
current  has  been  stopped.  The  results  are  plotted  In  Pig.  8.  It  may  be 
seen  that,  after  20  minutes  of  electrolysis  in  the  presence  of  oxygen,  the 
oxidation  is  resumed,  following  the  usual  parabolic  formula.  At  the  end 
of  3^  minutes,  on  the  contrary,  the  oxidation  phenomenon  which  has  already 
entered  into  its  nev  regime  stays  there:  hence  the  critical  time  has  been 
exceeded.  With  a  duration  of  26  minutes  the  parabolic  fonmla  is  still 
resumed,  but  after  30  minutes  it  is  no  longer  met  with  again.  Hence  the 
critical  time  is  between  these  two  values.  If  ve  note  on  the  figure  that 
the  appearance  of  the  new  straight  line  in  logarithmic  representation  cor¬ 
responds  to  a  time  of  26  minutes,  ve  may  consider  that  the  new  oxidation 
regime  starts  exactly  at  the  critical  time.  Thus  ve  shall  choose  28 
minutes  as  the  critical  time  under  these  conditions,  to  wit  : 

860®C  and  6  amp/cm^. 

WOTO:  Ve  have  already  pointed  'ut  that  tge  temperature  of  the 

sample  is  B6o®C  by  maintainl:^  the  furnace  at  8U0  C.  In  order  to  realise 
the  oxidation  at  the  desired  temperature  as  soon  ^s  the  oxygen  has  re¬ 
turned,  it  is  necessary  to  heat  the  sample  to  86o^C  by  a  preliminary  pass¬ 
age  of  the  current  in  vacuo,  with  the  furnace  at  How  should  this 

period  of  electrolysis  in  vscuo  be  counted  In  the  measurement  of  th 
critical  time?  To  answer  this  question,  ve  hare  determined  this  time 
after  varying  lengths  of  time  of  electrolysis  in  mtcuo.  Fig.  9  shows  the 
results  obtained  at  860^0  with  ^  amp/cm*^:  the  critical  time  remains  50 
minutes,  whether  tt^  electrolysis  in  vacuo  had  lasted  1  hour  or  6  hours. 

From  these  facts,  two  c<»clusions  may  be  drawn: 

1-  It  is  Justified  to  count  the  critical  time  from  the  moment  when 
the  oxidation  process  begins,  despite  the  fact  that  the  current  had  already 
circulated  under  vacuimi; 
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2-  SlectroIyBls  of  the  oxide  film  Iti  the  absence  of  oxygen  does 
not  bring  about  a  change  in  the  eubeequent  oxidation  process. 

Then  ve  have  neasured  the  critical  tine  for  different  intensities 
accox*ding  to  the  indicated  aethod  vlth  an  oxide  layer  having  a  pre* 
electrolysis  thickness  of  130  p.  !nie  representative  curve  (Pig.  10)  shows 
that  this  tiae  increases  as  the  current  density  decreases.  The  curve 
seeas  to  approach  a  density  which  will  only  be  attained  at  infinity.  If 
this  were  so,  it  wouLl  mean  that  the  new  oxidation  reglae  will  only  be  at¬ 
tained  at  an  electrolysis -current  density  greater  than  a  certain  critical 
taltu!  J  ,  after  suppleaentary  passage  of  a  certain  aaount  of  electricity  q. 
If  this^aaount  were  constant,  we  would  have  the  relatlcmshlp: 


for 


Tig.  11.  Bxiatence  of  •  Linear 
C0UCM^  0t pf^omy^tion  /SC,  Cl  Relation  Between  the  Density  of 

Electrolysis  Current  and  the 
Reciprocal  of  the  Critical  T'jse  for 
am  Oxidized  layer  Haring  a  Thickness 
of  150  ^  (teaiperature  :  860^0). 

1)  nreoxldstioii  layer;  2)  slope; 

3)  tiae  (hrs.). 


at _ ^ 

t 

4  r 
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Such  a  relationship  aay  be  readily  verified  by  putting  it  into 
the  fom: 

.1,  =*  J  +  ?  X  ~ 

•e 

By  plotting  J  as  a  function  of  1/t  ,  ve  see  froa  Fig.  11  that  ve 
get  a  linear  relationship.  Froa  this  the^critlcal  Intensity  I  .  below  which 
it  is  laposslble  to  obtain  the  new  oxidation  reglae,  is  readily  obtained 
by  extrapolation.  At  860^C,  for  an  oxide  thickness  of  130  ^  ,  this  new 
reglae  aay  be  obtained  below  J  «  3*9  aap/ca^  for  an  additional  aaount 
of  electricity  of;  ° 

f  -  3  800C/cm> 

On  Fig.  12  we  hare  plotted  the  results  relating  to  an  initial  oxide 
thickness  of  kOO  u*  it  is  seen  that  the  representative  points  fhll  on 
the  preceding  strai^t  line.  ISiis  shows  that  the  critical  density  and 
tiae  are  independent  of  the  oxide  thickness. 

IV.  DISCUSSION  OF  RESULTS 

It  is  not  possible  at  the  present  tiae  to  interpret  these  results. 
However the  following  resuurks  aay  be  aade:  According  to  Wagner,  Aether 
we  consider  the  pbenoaenon  of  oxidation  as  being  linked  with  the  diffusion 
of  loos  caused  by  a  concentration  gradient,  or  whether  we  look  upon  it  as 
an  electric  transport  of  ions  under  the  effect  of  an  oxidation  e.a.f.,  we 
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Pig.  12.  Hie  Linear  Relationship 
Observed  Between  the  Density  of  the 
Electrolysis  Cvirrent  and  the  Recipro¬ 
cal  of  the  Critical  Tine  is  Identical 
for  Oxide  Layers  Having  a  Thickness 
of  150  or  1*00  p/ (temperature :  86oPc). 

1)  Preoxidation  layer  1^0  \x  thick; 

2)  Freoxldatlon  layer  koo  thick; 

3)  slope;  4)  time  (hrs.). 


si; 


i  z  *  s 

>/s  _ _ 


Fig.  13.  Application  uf  a 
Cathodic  Current  Throu^  the 
Oxide  Formed  on  a  Steel  Sample 
Containing  liB^  Chromium,  Sub¬ 
jected  to  the  Effect  of  Oxygen 
at  950°C,  Ends  by  Totally 
Stopping  the  Oxidation,  and  the 
Effect  persists  After  the 
Stopping  of  the  current  (duration 
of  tests :  100  hrs . ) . 

1)  Normal  oxidation;  2)  1.  Pre- 
oxldatlon  for  ^  hours;  3)  2.  Cur¬ 
rent  applied  from  the  ^th  to  63th 
hour;  4)  3.  Normal  oxidation 
thereafter;  5)  time  (hrs.) 


10 


are  expressing  the  saae  reality,  then  if  ve  think  that  the  natural  cor¬ 
rosion  current  is  the  cause  of  concentration  gradients  of  cations  and 
anions  in  the  oxide,  ve  see  that  the  current  flowing  in  the  opposite 
direction  should  reduce  then  and  thus  reduce  the  rate  of  oxidation.  The 
critical  conditions  of  current  density  and  quantity  of  electricity  would 
then  have,  for  effect,  the  reduction  of  these  gradients  to  zero.  Nov, 
parameter  measurements,  carried  out  by  Denarescaux  *  on  FeO  layers  having 
undergone  electrolysis  at  860^C  past  the  critical  conditions,  shov  that 
the  parameter  of  the  crystal  lattice  seems  to  be  constant  over  the  entire 
thickness  of  the  oxide. 

Hence  the  artificial  current  would  indeed  reduce  the  concentration 
gradient  in  the  voids  in  FeO.  But  why  does  the  rate  of  corrosion  not  becoae 
$ero;  why  does  it  only  slow  down  vlth  the  change  in  kinetics?  In  addition, 
it  should  be  noted  that  with  other  metals  or  alloys,  the  oxidation  is  coa- 
pletely  stopped.  Thus  ^th  16^  chrcaium  steel  (Fig.  13)  a  current  having 
a  density  of  1.3  amp/cm^  stops  oxidation  at  930”C,  and  the  stoppage  per¬ 
sists  after  the  cessation  of  the  cxirrent. 

Other  points  also  resnin  unexplained.  Why  does  the  electrolysis  in 
vacuo  play  no  part?  Bov  does  the  particular  state  of  toe  oxide,  brou^t 
about  by  means  of  current,  maintain  Itself  after  the  current  is  stopped? 

At  the  present  time  ve  cannot  ansver  all  these  questions.  However  these 
studies  shov  that  the  passage  of  a  current  in  an  oxide  offers  a  theoretical 
tool  for  studying  the  oxidation  processes,  by  profoundly  affecting  this 
phenomenon,  and  also  furnished  a  practical  means  for  slowing  down  the 
oxidation  of  metals  and  alloys. 


BIBLIOGRAPHY 

1.  Uhllg,  H.H,,  and  Brenner,  A.E.,  Acta  metallurgica ,  1933  ,  3,  106 

2.  Clsmaru,  D.,  and  Clsaaru,  G.D.,  First  International  Congress  on 

Metallic  Corrosion,  London,  April  196l,  19^. 

3.  Benard,  J.,  and  Coquelle,  0.,  C.R.  Acad.  3ci.,  19**6,  222  ,  796. 

k.  Schelfl,  F.,  Boucher,  B.,  and  Lsconbe,  P. ,  C.  R.  Acad.  Sci., 

1961,  232,  U157. 


*  At  the  Metallurgical  Research  Center,  iteis.  School  of  Mines 


11 


